fight peaks as seen from Earth.
The first peak is related to the entry of the fragment into the Jovian atmosphere. From the light curve we find that the nominal R fragment had diameter 450-500 m and mass ,,, 2 -3 x 1013 g. The uncertainty in the mass is probably about a factor of 3, with a smaller event more likely than a larger one.
The Light Curve
The general light curve for an impact of a fragment of P/Shoemaker-Levy 9 (SL9), as viewed at infrared wavelengths from Earth, consists of three peaks, the first two faint and brief and the third bright and long-lasting [Graham et al., 1995; Nicholson et al., 1995a] . The three peaks were seen for all the well-observed events (P. Nicholson personal communication, 1995; e.g., see Watanabe et at., [1995] , for an excellent recording of the bright K event at 2.35 #m), but were first reported for the well-observed and well-favored R event. Figure  1 is a cartoon that illustrates the viewing geometry of a typical SL9 event.
The first peak, or first precursor, preceeded by some 10 seconds the combination entry flash and fireball seen directly by the Galileo spacecraft [Graham et al., 1995; Nicholson et at., 1995a] . As observed from Earth, the first precursor was some 4 orders of magnitude fainter than was the entry flash as seen by Galileo (P. Nicholson personal communication, 1995) . At first the fireball was hot enough that it emitted mostly visible light. But as the fireball expanded it cooled. Expansion was effectively adiabatic [Zahnle and Mac Low, 1994a; Chevalier and Sarazin, 1994; Carlson et al., 1995a] . As the temperature dropped the emitted radiation reddened and the plume faded from visible light over some 30-40 s [Chapman et al., 1995; Martin et al., 1995] .
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The second peak corresponds to the fireball itself rising high enough to be directly visible from Earth [Graham et al., 1995] . That this would happen was predicted by Boslough et al., [1994] and Ahrens el al., [1994] .
By this time (-,, 60 s) the fireball had cooled to _ 500 -700 K (Galileo near infrared mapping spectrometer (NIMS), [Carlson et al., 1995a] ). Accordingly, the second peak was more prominent at longer wavelengths, as is immediately apparent when the Palomar light curves (3.2 and 4.5 pm, [Nicholson et aL, 1995a] ) and the Keck light curve (2.3 #m, [Graham el al., 1995] ) for the R impact are compared. The onset of the second peak was abrupt [Graham et al., 1995] . This can be explained by the fireball having a sharply defined outer edge at early times, which it has in some numerical simulations [e.g., Zahnle and Mac Low, 1994a] . As the fireball continued to expand and cool, it continued to fade.
The fireball expands so enormously that its temperature drops below 50 K. At some point along the cooling trend it becomes inappropriate to call it a "fireball".
Rather, the former fireball becomes the vanguard of the ejecta plume.
Almost all of its once enormous thermal energy is converted to kinetic energy of expansion. et al., 1995b] . This implies that something other than
Jupiter's rotation delayed the onset of the third peak to 6 min after impact.
In contrast to the first two peaks, which account for only a small fraction of the impact energy because the fireball has a small surface area, thermal radiation produced by the plume's reentry into the atmosphere can account for a large fraction of the impact energy, because the plume falls over an enormous area.
Most of this paper addresses the thermal radiation produced when the plume falls down. Still later bumps in the light curve, the so-called bounces, are probably just that, but will not be addressed further in this paper.
Precursors
Because the impacts occurred on the back side of Jupiter the visibility of the entry flash or fireball on Earth needs explanation. One possibility is that terrestrial observers saw the fireball itself dimly reflected off highaltitude dust, possibly of cometary origin [Hammel et al., 1995] . This no longer seems likely, now that it is well established that the first precursor preceeded the Galileo events by some 10 s. It is likelier that we were seeing direct emission from the high-altitude meteor trail [ Graham el al., 1995; Hammel et al., 1995] . We divide the ejecta plume by position (r, 0, ¢) into a vast number of mass elements. Each element is launched on its own unique ballistic trajectory. We tile Jupiter's "surface" by distance and azimuth to produce a kind of dart board centered on the impact site. We then count up where and when the mass elements reenter the atmosphere (i.e., where and when they hit the dart board). The effective radiating temperature of the reentry shock is determined by balancing the energy supplied by infalling ejecta against thermal radiation by opacity sources (dust, soot, molecules, darts, etc.) embedded in --or generated by --the reentry shock. The approach is closely analogous to that used by Melosh el al. [1990] and Zahnle [1990] to model thermal radiation following the K/T impact.
We account for the viewing geometry of each surface element when integrating the radiated flux as seen on Earth.
Velocity
The mass-velocity distribution of ejecta from hypervelocity impacts generally obeys a power law. It is convenient to write the power law in cumulative form,
in which the notation M(> v) refers to the cumulative mass ejected at velocities greater than v. Examples abound.
In a study of ejecta scaling, Housen el al. [1983] cite impact experiments in sand (c_ = 1.23),
water (_ = 1.66), and basalt (a = 2). The experimen- 
In the limit that m << M, we obtain u o_ rn -2/3. The asymptotic mass-velocity distribution of the ejected gas therefore takes the form 
It follows from (1) 
The cumulative kinetic energy of the plume is
Both energy and mass are conserved. If we assume that the plume is invested with a fraction r} of the total impact energy 1 2 Fmivi, we obtain the density distribution
Equation (8) is valid for v < "m.x. In relating (8) to (6) we implicitly assume that M(> Vm,x) = 0. Note that, because Rmax = vm_xt, the density of the plume decays as t -a, as expected for a homologous expansion. Our numerical results indicate that 0.3 < _ < 0.45; i.e., a substantial fraction of the impact energy is steered into the plume. This value may prove controversial, so we will treat _/as a parameter that others may set to 0.01 if they are so inclined. The normalized form of (1) is
Equation (9) 
The mass element reenters the atmosphere a horizontal distance
from the origin at time
as determined by conventional ballistics in the flat Jupiter approximation.
Pressure
The pressure level of the reentry shock, if strong, is p, _ "?4-I pv2z.
This can be evaluated directlyto give p_ as a function of position and time, but thisis not as useful or as accuratea measure of "the" shock pressureas one might hope. To firstapproximation, the greatestmass flux of material to arriveat any point is the first material to get there. This is rigorouslytrue for plumes with opening angles 0_ _< 45°, for which the firstmaterial to reach a given point is ejectedwith the lowest total velocityof any materialto reach that point,and hence itisthe densestgas to reach that point. Thereafterthe mass flux declinesmonotonically and the shock rises to progressively lower pressures.Meanwhile the heated atmosphere both coolsradiatively and alsorisesto seek a new scale height. The accumulated mass fallenat a given place (multipliedby g) providesa measure of the pressure levelof the contact discontinuity between the plume and the Jovian atmosphere, and we suggestthat thisisprobably a good measure of the reentryshock.
An illustrative analyticapproximation to the pressure at the reentryshock can be obtained by replacingv2 in (9)by rg,which gives 
where m is the mean molecular mass. The origin of this equation
can also be seen as a balance of the initial 1 2 with the thermal energy c,T of the kinetic energy 7v_ halted gas (for a weak shock, temperatures are higher than given by (16)).
The temperature in (16) is the temperature of the gas immediately after it passes through the shock. It • o°*°.
•°•°:
. [Zahnlc, 1990; Melosh et al., 1990] :
The factor 2aT 4 assumes a grey radiator that emits both up and down. The factor 1 -e -2_ allows for the optical depth r of the radiating layer; the factor of 2 gives the right limit as v --* 0. We solve (17) for the temperature T by Newton's method.
Opacity
Radiative cooling depends on the presence of an opacity source, prcsumably particulates either in the plume or generated when thc plume strikes the atmosphere. The latter requires a sufficiently strong shock. Zahnle et al. [1995] show that reentry velocities must exceed 4-5 km/s for shock heating to be strong enough to generate carbonaceous dust from Jovian air. This can explain the relative transparency of the inner parts of the ejecta blanket as observed with the HST [Hammel et al., 1995] , and it is probably required to explain the late onset of infrared radiation as observed by the Galileo spacecraft [Carlson et al., 1995a,b] . The observed particulates are apparently rather small. Nicholson el al.
[1995b] suggest an effective optical depth of about 0.022 at Ao = 4.5 ,m, with a A-1 dependence. Molecular opacity might also contribute. Here we will use a simple grey (wavelength-independent) opacity.
We assume that r is proportional to the total integrated mass of material falling at radius r, /0'
i.e., the opacity sources are embedded uniformly in the shocked air, and all the dust that falls at any point is available to contribute to radiative cooling. This approximation ignores the vertical structure of the reentry shock (late arriving material shocks at higher altitudes) and radial gradients in the plume's composition (the ZAHNLE ANDMACLOW: THE TOY PLUME 16,89! more distantly thrown material may be comet-rich, and hence carry more grains). Figure 5 shows effective radiating temperatures at 5, 10, and 15 min, as a function of distance from the impact site, calculated with a constant _ = 100 cm2/g (solid curves). This is the plume used to generate the light curves shown in Figures  6 and 7 . The temperature field forms warm rings (seen nicely at 10 min). The inner regions are cooler because the optical depth is relatively high (from early-arriving ejecta) and because temperature is calculated by the instantaneous energy balance between d and radiative cooling. If either of these assumptions is relaxed the expected interior temperature warms. To illustrate this, the dotted temperatures on Figure 5 were generated from the same model, modified to limit optical depth to material arriving in the previous 90 s:
--90
The temperatures that result are much more nearly constant, both in radius and time.
Geometry
The impact occurs at an angle 0o over the horizon. A given element of the plume reenters the atmosphere a time t later, at a distance r from the impact site, and at an azimuth ¢ (measured from north). During this time the impact site rotates into view at a rate of 0.01°s -l.
The projected surface area of the plume's footprint as viewed from Earth is proportional to the cosine of the angle ¢ between the surface normal and the line to Earth Radial Distance(km) Figure  5 . Effective radiating temperatures at 5, 10, and 15 min produced by the toy plume with constant opacity _ = 100 cm2/g. The solid curves use (18), to which all the particles contribute to optical depth. This is our nominal standard model. The dotted curves use (19), to which only the most recently arriving particles contribute to the effective optical depth. 
Time after impact (minutes) Figure  6 . Light curves at selected infrared wavelengths generated by the toy plume model, as seen from Earth. The Keck light curve [Graham el al., 1995] at 2.3 #m is shown for comparison (solid curve). The dashed curves (standard model) uses (lS) for r(r, t); the impactor is 500 m diameter and 0.5 g/cm 3. The dotted curves use (19) for r (r,t) and a 450 m impactor.
flux at Earth is
where By is the Planck function, A the Earth-Jupiter distance, and da a surface element on Jupiter.
We have neglected azimuthal asymmetry in (21); this will be important to a complete model. We have also neglected the altitude of the radiating layer. Altitude can strongly affect visibility. When we attempt to account for this, by using the numerical equivalent of (14) and (15) for pressure, visibility from Earth generally improves.
The result is a brighter, earlier flash. For the present we choose to omit this parameter.
In a future study, one that includes a nonaxisymetric 3-D plume, we will consider the role of altitude more fully.
Light Figure 6 shows calculated light curves at 2.3, 3.5, and 4.5 pm, as seen from Earth, generated by the toy plume models (dashed, dotted lines). The dashed curves use (18) to prescribe optical depth. The Keck light curve for fragment R [Graham et al., 1995] at 2.3 pm is shown for comparison.
The match at 3.5 pm and 4.5 pm is comparably good (or bad, depending on one's taste in these things; see Nicholson et al. [1995a] . This model uses a 500 m diameter impactor of density 0.5 g/cm 3,
----12 km/s, and an opening angle 0' = 45°. The total impact energy is 6 x 1026 ergs. The value of Vrn_x, 12 km/s, implies a plume that reaches 3000 km high. The value of Vm_x is set by the duration of peak light, and hence is not very negotiable.
We obtain a good match to the relative fluxes at 2.3, 3.5, and 4.5 pm using a constant opacity of t¢ = 100 cm2/g, which is fairly high.
If we assume particles of radius 0.25 #m, density of 1 g/cm 3, and assume that opacity is equal to the sum of their geometric cross sections, the particle density in the ejecta plume would be 0.004 g/g. If instead
we assume that their effective et al. [1994] , the Rosseland mean opacity of a solar composition mix of gas and dust, in which 60% of the carbon is in organic grains, is about _ = 7 cm2/g; for shocked Jovian air the corresponding opacity would be t¢ _ 20-30 cm2/g. Again, to raise the opacity to n _ 100 cm2/g requires a significant admixture of comet. The calculated light curves using (18) Figure 6 show how the light curves change when (19) is used to prescribe 7-. The result is that the light curves at 2.3, 3.5, and 4.5 #m are smoother and more nearly parallel, as observed [Nicholson et al., 1995a] . 'Fo match the observed fluxes this model uses a 450 m rather than a 500 m impactor. In this model t'm_x = 11 km/s (the best fit is with Vmax = 10.8kin/s). Figure 7 shows the same event (450 m object) as seen from directly above the impact site. These light curves approximate the view from Galileo. Because the radiating layer is mostly optically thin, the fluxes seen from Galileo are not likely to be much smaller.
The event is brighter when seen centered on Jupiter's disk, and it starts earlier.
The predicted early rise (dashed curve) was not seen by Galileo for the R and G impacts [Carlson et al., 1995b] 
where the initial radius of the impactor is ri.
The radius of the wake is a parabola in altitude z, Figure  3 take Zo = -25 km, ri = 0.297 km, mi = 1.1 x 1014 g, Ei = 2 x 1027 ergs, and 7 = 1.4; the hotter model (larger Vm_x) was generated by reducing the mass density in the wake by a factor of 6.8.
